Amphiphilic polymers are tunable systems to construct supramolecular hierarchically self-assembled structures. Six families of heterocyclic polymethacrylates (PMTAs) bearing 1,3-thiazole and 1,2,3-triazole pendant groups with alkyl and succinate spacers were chemically modified by quaternization reaction of the azole heterocycles with five alkylating agents (methyl, butyl, octyl, dodecyl and hexadecyl iodide) leading to a library of 30 different amphiphilic polyelectrolytes (PMTAs-RI). These polymers have been characterized in bulk by small and wide angle x-ray scattering (SAXS, WAXS) and differential scanning calorimetry (DSC). Quaternization induces a dramatic effect (increase) on the glass-transition temperature Tg, being strongest for methyl iodide members. Increasing the length of the quaternizing agent, plasticization is first observed, followed by a further increase of Tg. This effect, together with evidences of a second Tg and crystallization for the members with the longest quaternizing agents, could be attributed to the presence of well-developed alkyl nano-domains evidenced by the structural investigation. WAXS and SAXS results have been consistently interpreted by assuming nano-structuration driven by the amphiphilicity balance of polyelectrolytes. The different morphologies revealed by SAXS have been characterized, assigning a plausible chemical nature to the phases involved in each case. The non-polar fraction has been considered as the control parameter defining the main features of the achieved morphology. By increasing this parameter, structures ranging from hexagonally packed non-polar cylinders in a polar matrix to the inverse situation have been found, passing through lamellar phases. Under some conditions, within the polar lamellae a third phase formed by cylinders of heterocycles has even been determined. We have checked the validity of the scenario proposed by comparing 2 the sizes deduced from the SAXS analysis with the expected characteristic lengths of the associated moieties, inferring thereby how alkyl side groups arrange within the nano-domains. On the basis of the complete picture achieved, the type of nanostructures formed by this class of polymers can be predicted, if the chemical composition including the quaternization degree is known.
the sizes deduced from the SAXS analysis with the expected characteristic lengths of the associated moieties, inferring thereby how alkyl side groups arrange within the nano-domains. On the basis of the complete picture achieved, the type of nanostructures formed by this class of polymers can be predicted, if the chemical composition including the quaternization degree is known.
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INTRODUCTION
Nowdays it is well-stablished the block copolymers can self-assembly in different morphologies, i.e. , in solid state, in solution and also at the interface, depending on the incompatibility between phases, the interaction parameter, the molecular weight and the composition of copolymers, among others specific in solution, such as solvent, temperature, pH, ionic strength, etc. There have been also many reports on the nanostructuration of polyethylene precisely copolymerized with acrylic acid (AA), 1, 2 phosphonic acid (PA), 3 and 1-methylimidazolium bromide (ImBr) with molar fraction lower than 10%, to be considered as ionomers. 4 These ion-containing polymers offer current potential as ion conductors for energy storage or conversion, membranes for water purification or desalination, electroactive materials for actuators or sensors, and shape memory materials. 5, 6 On the other hand, ammonium polyionenes, which are polymers containing quaternary nitrogen atoms in the polymer main chain, have also been studied in terms of structure-morphology-properties relationships. Semicrystalline imidazolium polyesters with long spacers (imidazolium-C 11 -sebacate-C 6 , imidazolium-C 11 -sebacate-C 11 , bis(imidazolium)ethane-C 6 -sebacate-C 6 , and bis(imidazolium)ethane-C 11 -sebacate-C 11 ), exhibit well-defined lamellar thicknesses between the imidazolium groups, indicating that imidazolium groups are at the surface of the alkylene group crystal lattice. 7 Moreover, bis(imidazolium) polyesters have higher glass transition temperature and/or melting transition than their mono-imidazolium analogs.
It is also important to consider the amine size on the thermal, mechanical and rheological properties of these polyionenes, i.e. size of the amine in amine neutralized sulfonated polystyrenes the reduces the strength of the ion dipole interaction by preventing close approach of the amine sulfonate groups. 8 Bulky aliphatic amine-based cations tend to either decrease or lead to less significant increases of Tg, melt viscosity, and modulus, while these properties increase compared to those of the unsulfonated polymer when a metal 9 or ammonium cation is used. 8 The cation size is also crucial to the developed morphologies due to the different association energies of cations with anions and ether oxygens in the case of polyesters. 10 In spite of all these research to the best of our knowledge none has been focused on the structural analysis of amphiphilic homopolymeric materials in the solid state since as it was described above self-organizing materials (e.g. by nano-phase separation)
are emerging systems with a wide number of applications, 11 such as nano-devices, polymer networks and conetworks, 12 nano-reactors, 13 microelectronic, catalysis and biomedicine, 14 including drug release and delivery systems 15 and also antimicrobial ones. 16 Very recently 17 This gas-filled proportional type detector offers a 200 mm diameter active area with ca.
200 micron resolution. The azimuthally averaged scattered intensities were obtained as a function of wavevector q, q = 4πλ -1 × sin(θ). Reciprocal space calibration was done using silver behenate as standard. Samples were sandwiched between mica windows and placed in transmission geometry; with a sample to detector distance of 0.5 m.
Measuring times of about 20 min were employed. In both SAXS and WAXS experiments, samples were investigated after synthesis process, without any prior thermal treatment.
Scattering Curves of Ordered Particle Systems
The intensity scattered at low angles by an isotropic system of polydisperse particles (phase 'A') dispersed according to a lattice in a matrix (phase 'B') is proportional to the product of the particle form factor P(q) and the lattice factor S(q). The functional form of P(q) is determined by the shape of the particle, and contains information about its size through a suitable parameter: e. g. the radius R sph in the case of a sphere, the radius R cy and the length L cy in the case of a cylinder, or the thickness d and the radius R D in the case of a disk or lamella. Conversely, the structure factor S(q) consists of peaks at /a for a cubic lattice. Here, h, (h,k) and (h,k,l) are the Miller indices for a given crystal lattice plane corresponding respectively to the 1D, 2D and 3D
system. Static disorder of the first kind (statistically independent displacements from the ideal lattice parameters) may be introduced through a Gaussian lattice point distribution which, together with the usually expected particle size distribution, leads to an effective damping of the higher order Bragg reflections. In addition, the finite domain size is reflected in a broadening of the peaks: the peak width δ can be related with the domain size D of the ordered domain via the Debye-Scherrer equation D = 2π/δ.
All the above described parameters are considered in the fitting program 'Scatter'. 18, 19 This very flexible program allows a quantitative analysis of small angle scattering data, providing different models for both, the form factor and the lattice factor.
RESULTS
Thermal Characterization. DSC Results.
The DSC thermograms obtained for all polymers investigated can be found in the Supporting Information (SI). The second heating scan of all polymers displayed a clear glass transition located in a temperature range, which depends on the particular chemical nature of the polymer considered. The glass-transition temperature Tg values obtained from the midpoint of the curves are compiled in Table 1 and represented in Figure 1A as function the parameter n c (number of carbons along the alkyl group of the quaternizing agent). A general trend is observed for the six families of polymers with different alkylating agents ( Figure 1A) . Upon methyl iodide quaternization (PMTAs-MeI), the Tg value sensibly increases with respect to that observed in the PMTAs counterpart. Increasing the length of the quaternizing agent, the Tg value gradually decreases from n c =1 to n c = 8 (PMTAs-MeI, PMTAs-BuI and PMTAs-OcI)
indicating the plasticization of the system. A further increase of the alkyl length (n c =12,
PMTAs-DoI and n c =16, PMTAs-HeI) produces however an increase of the value of the glass-transition temperature. -RI PMTA3-RI PMTA4-RI PMTA5-RI PMTA6-RI  0  47  6  69  24  -8  29  1  144  57  126  108  71  82  4  111  36  90  74  39  48  8  87  27  77  67  28  36  12  92  23  83  68  30  41  16  108  30  85  78  29 Additional features indicative for an intricate thermal behavior were found in the DSC traces for some members in the six families. On the one hand, in the dodecyl iodide quaternized systems (PMTAs-DoI, Figure 1B ) a weak second transition could be resolved at low temperatures, in the range between -78 and -74 °C. On the other hand, a broad melting peak was found for all hexadecyl iodide quaternized systems (PMTAsHeI), as can be seen in Figure 1C . For these samples, no hint for a second glass transition was evident in the experimental conditions used. ⁰C/min of hexadecyl quaternized PMTAs (PMTAs-HeI).
Structural Characterization
Short-range order. WAXS Results.
The panels on the right of Figure 2 compile the WAXS profiles of all the polymers investigated. The patterns of the PMTAs (prior to quaternization) display the typical features of amorphous polymers. General trends can be found for the polyelectrolytes of the six families: in the q-region investigated, the polymers quaternized with methyl iodide show two broad peaks centered in the ranges 1.2-1.4 Å -1 (peak I) and 1.8-2.0 Å -1 (peak II); with increasing n c , the intensity of peak II gradually decreases and both peaks tend to merge in a single peak centered at about 1. Clear maxima are found in the quaternized systems with the longest alkylating agents (n c = 8, 12 and 16). In particular, some systems display very well-defined and intense peaks, like e. g. PMTA2-HeI ( Figure 2B ).
STRATEGY TO DECIPHER THE NANO-STRUCTURES
A large fraction of the samples investigated showed clear signatures of nanostructuration. We tried to obtain the details of the underlying morphologies revealed by the SAXS patterns applying the following strategy.
In a first step, a simple phenomenological analysis of the SAXS data was performed consisting of the determination of the peak positions from direct inspection of the patterns. From the sequence of these positions, the type of lattice can in principle be elucidated; for example, peak positions at q*, 2q*, 3q*, 4q*,… --q* to the first-order reflection position--would correspond to a lamellar lattice (LAM); peak positions at q*, √3q*, 2q*, √7q*, … to a hexagonal packing lattice (HEX). Also, the unit cell dimension can immediately be deduced as a = 2π/q* (Eq. 1)
The positions of the maxima identified are indicated in the left panels of Figure 2 .
Three situations could be distinguished:
(I) well defined peaks are observed, revealing one periodicity. Here we can distinguish two groups of polymers: PMTA1-DoI, PMTA3-DoI, PMTA4-DoI, PMTA1-HeI, PMTA2-HeI, PMTA3-HeI, PMTA5-MeI and PMTA6-MeI, which show a lamellar phase, and PMTA4-HeI and PMTA2-DoI, which present a hexagonal lattice. These systems can be categorized as displaying two-phase (AB) morphologies;
(II) two simultaneous periodicities have to be involved for a single sample. This is the case of PMTA5-DoI and PMTA5-HeI. The periodicities correspond to lamellae and hexagonal packing. Moreover, a ratio between the principal scattering vectors q* 1 (corresponding to the lamellar stucture) and q* 2 (corresponding to the hexagonal stucture) of about √2 (q* 2 ≈ √2q* 1 ) is found, suggesting a more complex structure factor consisting of cylinders regularly located within lamellae. We thus infer a three-phase (ABC) morphology for these polyelectrolites. Although less visibly, PMTA6-DoI and PMTA6-HeI belong to this group;
(III) only very broad peaks are seen (all octyl iodide quaternized polymers).
In a further step, the quantitative analysis of the SAXS patterns was performed by using the 'scatter' program. At this stage, fits were realized only for the results corresponding to the polymers included in the above-defined group (I), for which AB morphologies had been clearly identified. For the lamellar lattices a disc form factor is assumed, while for the hexagonal packing lattices a cylindrical form factor is considered. The 'scatter' fits delivered the main parameters defining the size of the dispersed phases, namely the thickness d of the lamella or the radius R cy of the cylinder, and allowed a more accurate estimation of the lattice parameter a. With this information, the volume fractions of each phase could be deduced. These are given by
for an AB lamellar system (A-discs in a B-matrix) for A-cylinders hexagonally packed in a B-matrix.
The resulting values of these parameters are listed in Table 2 . There, the superscript 'fit' means that the given values were obtained from the 'scatter' fit of the experimental SAXS data.
The driving force for the observed nano-structuration or nano-phase separation will seek on the amphiphilic chemical nature of the polyelectrolytes, which naturally induces by self-assembly a segregation of moieties with different polarity. Therefore, a next step was to built thephase diagram based on the morphological phases found from the analysis of the experimental results (A, B, and later also C) onto chemically defined phases composed by moieties with well-differentiated polarity (we will refer them with Greek letters). Scheme 2 shows a hierarchical classification of the molecular groups in the samples, according to their polarity. The α-group refers to the main-chain atoms and includes the α H -moiety (heterocycles: thiazolium and triazolium iodides) and the The details are given in the SI. In these calculations the counterions (iodides included in the polar part) as well as the degree of quaternization were taken into account (see Tables S4-S10 ).
The obtained values for the volume fractions of the different molecular groups in the nano-structured polymers are also compiled in Table 2 . For the systems included in situation (I), where an unbiased fit of the SAXS results had been performed, we could now check the suitability of the hypothesis of self-assembly driven by differences in polarity of the molecular groups and the correct selection of the involved moieties.
Thereby, for the polymers containing alkyl side-groups in the quaternizing agent (β-groups) we would expect that these β-groups would conform one of the two Once the nano-structure of the systems belonging to situation (I) was deciphered and rationalized, we faced the more complex case of situation (II) (PMTA5-DoI and PMTA5-HeI and, less clearly, PMTA6-DoI and PMTA6-HeI), where an ABC morphology is suggested by the phenomenological SAXS analysis. As we have already mentioned, from the peak positions and their ratio, an underlying lattice of cylinders regularly located within lamellae can be inferred. A hint to identify the origin of these three phases is given by the above described observation of a nano-phase separation between the highly polar heterocycles (plus iodide cations) and the less polar α MSgroups in the polyelectrolytes quaternized by methyl iodide (PMTA5-MeI and PMTA6-MeI). Now, the non-polar and long alkyl side-groups would conform a third phase. The shift of the first maximum q* 1 -corresponding to the lamellar structure-toward lower values with increasing n c (from 12 to 16) indicates that one of the lamellar phases has to be attributed to these alkyl (β) groups. Based on these considerations, we assumed lamellae with discs of β-groups alternating a polar phase where cylinders of heterocycles would be surrounded by the less polar α MS -groups (based on the observation that fα H <fα MS ). These cylinders themselves would be located in a hexagonal array. Notice that a large number of parameters are contained in this model. Table 2 . Given the success with this polymer, we applied the same procedure to confirm the suitability of the model with the patterns of PMTA5-DoI and to obtain an estimation of the unit cell size parameters from the fit. Finally, we considered the relatively featureless results on PMTA6-DoI and PMTA6-HeI. In these cases, the compatibility with the proposed morphology was checked. The parameters obtained from all these fits are compiled in Table 2 .
The much more featureless patterns of the polyelectrolytes with n c = 8 (situation (III)),
could not be univocally analyzed in an unbiased way. The data corresponding to PMTA1-OcI, PMTA2-OcI, PMTA3-OcI, PMTA4-OcI and PMTA5-OcI could be best described assuming cylinders in a hexagonal array based on a rough estimation of the lattice suggested by the positions of the broad SAXS peaks. From comparison with the calculated chemical volume fractions, these cylinders should be attributed to the β-groups in all cases except for PMTA5-OcI. In this polyelectrolyte, taking into account the alkyl nature of the spacer group -of similar length as that in the quaternizing chain in this system-, we found a more plausible scenario in cylinders of heterocycles (α H ) surrounded by a less polar environment provided by both, β-and α MS -groups. Finally, PMTA6-OcI is better described involving a more complex ABC morphology, in analogy to the other members of this family (PMTA6-DoI and PMTA6-HeI). We note that for all patterns of situation (III) (octyl iodide quaternization) the obtained values for the domain size are very reduced (D/a ≈ 1…3), pointing to an actual frustration of the long-range order. This can be directly deduced from the extremely broad features of the peaks.
Thus, the main information provided by the quantitative analysis is actually the hint for cylindrical domains, i.e., the presence of elongated regions rich either in non-polar (PMTA1-OcI, PMTA2-OcI, PMTA3-OcI, and PMTA4-OcI) or in polar (PMTA5-OcI and PMTA6-OcI) moieties.
The detailed analysis of each structure and the fits of the SAXS results of all the 20 polymers considered can be found in Tables S4-S22 and Schemes S2-S21. 
Thermal Properties
All polymers investigated present a clear glass transition (Figure 1A) , which should be associated to the segmental dynamics of the main chains. In the parent homopolymersTg values decrease with increasing length and flexibility of the side group. PMTA1 and PMTA3 are the polymers with highest Tg-values (47 and 69 ⁰C, respectively). They both present relatively short side groups, but the more rigid triazole moiety in PMTA3 hinders more efficiently the main-chain motions. PMTA6 with a much longer side-group displays a Tg-value of 29 ⁰C. This is rather close to the Tg-value of PMTA4, (24 ⁰C), which side-group is rather shorter than that in PMTA6, but contains a butyl group conferring more flexibility to the motions. PMTA5 is the system with longest For all six families of polyelectrolytes investigated, the influence of the alkyl side-chain length on the glass-transition is qualitatively -and even semiquatitatively-the same (see Figures 1A and S2) . When increasing n c from 1 to 4 and 8, i.e., using butyl iodide and octyl iodide as quaternizing agents, the Tg-values gradually decrease (around 40
°C from n c = 1 to 8). This plasticization can be attributed to the ability of alkylic branches to hinder the efficient packing of the main chains and thereby conferring them a higher mobility. However, a further increase of the alkyl side-chain length, i.e., considering dodecyl iodide and hexadecyl iodide as quaternizing agents, induces an increase of the value of the glass transition temperature with respect to that found for the octyl iodide counterpart. This observation is probably related to two other peculiarities revealed for the systems containing long alkyl side groups (n c ≥ 12), namely: (i) the weak second transition found in the dodecyl iodide quaternized systems (PMTAs-DoI, Figure 1B ) and (ii) the broad melting peak observed for all hexadecyl iodide quaternized systems (PMTAs-HeI) ( Figure 1C) . The latter two thermal transitions could tentatively be assigned to a glass transition associated to the dodecyl tails and to a partial crystallization of the hexadecyl side-groups, as will be corroborated by the WAXS results, respectively. All these three features could be a consequence of the formation of well-defined nano-domains of non-polar alkylic chains (forming the discs in the AB or ABC morphologies previously identified) in the polyeletrolytes. The existence of regions exclusively containing alkylic side chains would imply an important enhancement of the hydrophobic interactions between side chains, possibly leading to their interdigitation. Such effect could impose constrains to the main-chain motions leading to an increase of the Tg -value. In addition, in large enough domains, an independent glass-transition of the alkyl side-groups could be developed, as it has already been proposed for poly(n-alkyl acrylates) (PnAAs) and poly(n-alkyl methacrylates) (PnMAs). [23] [24] [25] In this context, it is worth mentioning the peculiarities reported for the structural relaxation within the alkyl nano-domains (so-called polyethylene (PE)-like nano-domains) in the latter systems, which arise as a consequence of the confinement effects imposed by the slower main chains.
26, 27
Short-Range Order
Deciphering the short-range order in amorphous polymers is by no means trivial. With exception of chemically extremely simple main-chain polymers like PE or polybutadiene, the proper interpretation of WAXS patterns in terms of the underlying atomic pair correlation functions is usually impossible without the help of fully atomistic molecular dynamics (MD) simulations. This is of course beyond the scope of this work.
Instead, we will try to extract some information about the origin of the observed WAXS peaks on the basis of a qualitative comparison of our data with patterns of polymers like poly(methyl methacrylate) (PMMA), PE and poly(hexyl methacrylate) (PHMA) (Figure 3) , which are well understood by now and which could be considered as , i.e., in the range covered already by our SAXS measurements. We could note indeed hints for the presence of a peak in some of the homopolymers (Figure 2 , left), in particular in
PMTA5.
On the other hand, according to the above discussion, the main WAXS peak I should be interpreted as mainly due to interplay between different correlations involving side-group atoms, in principle of both, intra-and inter-chain character. We observe a tendency of the peak position to increase with increasing side-group size. This could reflect a better packing of the side-groups if they are longer. We would expect some resemblance of this peak to that of molten PE (and PHMA) for PMTA5, which sidechains contain long alkylic groups. This is found indeed. The closer proximity achievable by alkyl side-groups as compared to succinate groups leads to a larger qvalue of peak I for this polymer with respect to those for PMTA2 and PMTA6. Now moving to the polyelectrolytes, we may apply again the same arguments and end to similar conclusions. For a given family, the relative contribution of the correlations involving now the atoms in the alkyl side groups of the quaternizing agents is obviously enhanced with increasing length of these groups. This effect is particularly important in the families PMTA5-RI and PMTA6-RI -where two long alkylic side-chains per monomer are introduced with quaternization. As can be seen in Figure 2 (right), peak I gradually evolves toward a PE-like halo. In the extreme cases of the polymers quaternized with hexadecyl iodide, the environment surrounding a given alkylic sidegroup is so similar to that in PE that even partial crystallization is observed, leading to the sharp peaks in the patterns at the same value as that in high-density PE (see Figure 4A ). This peak corresponds to an extended planar zig-zag 32 conformation. Figure 1A) . A thorough investigation of these features will be subject of future work.
Finally, peak II in the WAXS patterns of the polyeletrolytes could tentatively be attributed to a peculiar preferential correlation involving the iodide ions. This hypothesis is based on the observation that this peak is absent in the homopolymers and it is particularly prominent in the polymers quaternized with methyl iodide, becoming weaker when the length of the side-group increases. This happens for all families, and suggests a 'dilution' effect of the correlation involving the ion with increasing size of the quaternizing side-group.
Nano-scale structure
With the above described strategy we are able to identify different morphologies formed by self-assembly in all families of polyelectrolytes and to assign a chemical nature to the phases involved (see Figure 5 as a summary). The ratio between the characteristic volumes of the well-differentiated chemical species in terms of polarity would be the key ingredient determining the particular morphology of the self-assembled system, in an analogous way as in the case of block-copolymers with incompatible blocks widely investigated in the literature 33 . In particular, the relevant parameter seems to be the volume fraction of the alkyl side group f β , which primarily defines the type of lattice. In this way, alkyl volume fractions in the range f β ≈ 0.25-0.4 would give raise to non-polar cylinders surrounded by a polar environment; the opposite case f β ≈ 0.6-0.75, to the inverse situation of polar cylinders in a non-polar matrix. If the volume fractions of the polar and alkyl groups are very similar (around 0.5), lamellar systems would be found. Within this situation, more complex structures could be formed, when this first nano-segregation between a non-polar (alkyl) phase and a polar phase would be followed by the assembly within the latter of the highly polar moieties of the heterocycles (plus iodide cations) in cylinders embedded in a α MSgroup-rich environment. In an illustrative way, Figure 6 shows an example of each of the four different kinds of lattices identified in the PMTAs-RI polyelectrolytes. This figure also includes the fit of the SAXS results with the 'scatter' program and the proposed microscopic underlying scenario to reproduce the obtained unit cell and lattice parameters. A detailed analysis for all the systems investigated is described in the SI. We have tried to provide additional support to the proposed structures and further insight into the molecular conformations by comparison with the expected dimensions of the moieties involved in the nano-domains. These were estimated as follows: Both, the analysis of the SAXS data and the previously discussed features of the WAXS results point to the alkyl side groups to conform one of the nano-segregated phases (except, of course, in the case of the polyelectrolytes quaternized with methyl iodide). A priori, it is not possible to know what is the conformation -and, consequently, the effective length-of these alkyl groups and their arrangement within the phase. An alkyl group is chemically linked to a moiety belonging to another (polar) phase and the alkane segments close to this link would be expected to be more stretched than conforming a random walk. However, they are coiled to some extent, since -with exception of the weak crystalline peak displayed by some of the WAXS data-the structure factor reveals amorphous features. Thus, two limiting situations could be defined for an alkyl side-group composed by n c carbons: (i) a zig-zag planar conformation (all-trans), for which the length R z can be calculated taking into account the C-C bond length (l =1.54 Å) and angle (θ = 68°) in PE The obtained dimensions in both kind of conformations of the different alkyl groups involved in the samples are given in Table 3 . In addition, using the software Chem 3D
the repeating units of all families were simulated. After an energy minimization, the lengths of all the relevant moieties identified in the SAXS analysis were estimated.
These values are collected in Table 3 . In the following, we describe in general terms the main features found for each of the lattices identified. We compare the dimensions obtained for the particles with those of the associated moieties to check the assignment proposed. In addition, this comparison also allows us to infer the most probable conformation and relative arrangement of the alkyl groups within the nano-domains. Finally, we note that, as we found for the methyl iodide counterparts, this kind of selfassembly is only developed for polymers with two heterocycles per monomeric unit and long and flexible spacer groups.
As previously mentioned, the polyelectrolyte PMTA6-OcI could probably be included in the group of polar cylinders at lamellae. In the case of PMTA5-OcI the results rather suggest a lattice where cylinders of cations and anions would be surrounded by octyl groups or main-chains with nonyl spacer groups indistinctly (hexagonally packed polar cylinders, like in Figure 6 -III). For PMTA5-OcI, the value of R cy is smaller than that deduced for PMTA4-HeI, in accord with the given interpretation, and in both cases the value of this parameter is in agreement with the estimated length of the here suggested involved groups.
Finally, we propose a scheme to predict the kind of lattice and position of the first peak in the SAXS curves of PMTAs-RI systems (those developing AB-morphologies) on the basis of the scenario deduced from this investigation. Our study strongly suggests that the morphologies and dimensions of the unit cells obtained though self-assembly of the PMTAs-RI polyectrolytes would in general be determined by the interactions between the alkyl side groups and their conformation within the nano-domains, which seems to be the same independently of the family considered. As explained above, the kind of Then, we can predict that R cy ≈ R c (n c ). In the lamellae -obtained for values of fβ in the range 0.40…0.43 ≤ fβ ≤ 0.57…0.60, the alkyl groups seem to adopt more or less coiled conformations with some degree of interdigitation. With the information at hand, it is not possible to unambiguously determine their exact arrangement. However, we have found that the thickness of the lamellae can be well approximated in all cases by the average end-to-end distance corresponding to an 'effective' alkyl segment composed by 2n c backbone atoms (compare values in Table 2 and 3) . Therefore, we propose the 'phenomenological' rule d ≈ R c (2n c ) for the thickness of the alkyl disk in the lamellae.
Based on these hypotheses, for each system the value of the corresponding lattice parameter a can be calculated by using Eqs. 1-3, and from this, we could predict the value of the scattering vector q* CALC where the structure factor peak would present its first maximum. In an illustrative mode, Figure 7 shows the results of these calculations for families 1-4 (showing AB-morphologies) and compares them with those experimentally observed in the SAXS curves. The agreement between both sets of data is very satisfactory, providing additional support to the scenario here proposed. 
PMTA4-RI.
These results confirm thus that, knowing the chemical structure of a given system, the calculation of the volume fractions of the chemical groups with differentiated polarity allows predicting the morphology of the self-assembled structure. Taking into account the expected conformation of the alkyl groups within the non-polar phases, we can assume the positions and even the relative intensities of the peaks in the SAXS patterns (they are determined by the form factor of the dispersed phases). However, other parameters like the extension of the domains or the size distribution would be more difficult to predict since additional parameters like e.g. the molecular weight, tacticity, quaternization degree, etc. could have also an impact in their determination.
Another conclusion from this work is that nano-structuring can only be well developed if the involved moieties are enough long and flexible. For example, butyl-quaternized polyelectrolytes seem to be unable to give rise to well-defined nano-structures, and those formed in the case of the octyl side groups are far from leading to a real longrange order.
CONCLUSIONS
We have investigated the thermal and structural properties of six families of heterocyclic polymethacrylates quaternized with five alkylating agents of different length. The calorimetric study reveals that quaternization induces a dramatic effect on the main-chain mobility of all the polymers. The presence of ionic charges strongly hinders the segmental relaxation. Increasing the length of the alkyl side-groups in the quaternizing agent, first a plasticization effect is observed, which can be attributed to a less efficient packing of the main chains. For the longest side-groups considered though, namely dodecyl and hexadecyl iodide quaternization, a further increase of the glass-transition temperature is found. This effect, together with evidences of a second glass transition and crystallization in these polymers, could be associated to the presence of well-developed alkyl nano-domains as evidenced by the structural investigation.
WAXS and SAXS results have been consistently interpreted by assuming the development of nano-structuration driven by the amphiphilicity in the polyelectrolytes.
The degree of ordering is elevated in samples with 12 or more carbons along the alkyl quaternizing group, but a tendency to form well-defined nano-domains can already be found for the polymers quaternized with octyl iodide. In PMTAs-RI, the precursor effect of self-assembly previously invoked for poly(methyl methacrylates) 23, 26 is thus fully developed for long enough side groups, suggesting 8 as the minimum number of carbons along them to achieve well-defined morphologies. We have been able to identify the different morphologies present in all families and to assign a chemical nature to the phases involved. The non-polar fraction can be considered as the control parameter defining the main features of the achieved morphology. The investigated samples present a variety of nano-structuration, ranging from hexagonally packed nonpolar cylinders in a polar matrix to the inverse situation, passing through lamellar phases. Within the polar phase of these lamellae, a third phase can even be resolved for polymers with two heterocycles per monomeric unit, if the volume fraction of the main chain (methacrylate plus spacer group) is high (PMTA5 and PMTA6). Then, cylinders of heterocycles can be formed within the polar lamellae. We have validated of the scenario proposed by comparing the sizes deduced from the analysis of the SAXS profiles with the expected characteristic lengths of the associated moieties. This comparison has also allowed inferring the how alkyl side groups are arranged within the nano-domains. Within non-polar cylinders, they seem to be coiled and facing each other, while within the lamellae they appear to have some degree of interdigitation.
